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Abstract 
Due to the characteristics of low cost, abundance in nutrients used beneficially as a liquid fertilizer and weak 
alkalinity of the biogas slurry came from the anaerobic digestion of biomass, an investigation was performed in this 
study to assess the feasibility of CO2 absorption by using the biogas slurry and the application of CO2-rich biogas 
slurry into horticultural or agricultural use. Equilibrium CO2 loading of biogas slurry was adopted to assess the CO2
absorption performance and germination index (GI) of Chinese cabbage seeds in CO2-rich biogas slurry was selected 
to evaluate its phytotoxicity directly related to the application of biogas slurry. Raw biogas slurry can be used to 
absorb CO2 to reach the maximum CO2 loading with 0.13 molCO2/L. However, the highest equilibrium CO2 loading 
and lowest phytotoxicity of CO2-rich biogas slurry can not be obtained simultaneously at the same temperature, 
which means that a compromise on absorption temperature should be made. In addition, effect of additives like 
potassium glycinate (PG), monoethanolamine (MEA), potassium hydroxide (KOH) and aqueous ammonia (AA) on 
improvement of CO2 absorption and phytotoxicity of CO2-rich biogas slurry were also experimented. Results showed 
that organic additives can get the higher CO2 absorption loading but lower GI values compared to inorganic additives. 
In order to obtain lowest phytotoxicity of CO2-rich biogas slurry, concentration of additives should be limited, and 
inorganic additives can adopt the higher concentration than organic additives, implying that inorganic additives may 
probably be more suitable than organic additives to improve the comprehensive CO2 absorption performance of 
biogas slurry.  
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1. Introduction 
Due to its robust technical superiority, successful commercial implications and flexibility to low CO2
partial pressure gas streams [1], CO2 chemical absorption technology is justified to help control the 
enormous amounts of the greenhouse gas CO2 introduced into the atmosphere in the near future, where it 
significantly contributes to global warming. However, the overall process is so costly that some effective 
efforts should be conducted to reduce the cost of CO2 avoided considerably, including new absorbents 
screening [2], CO2 capture process modification [3] and novel regeneration process innovation [4-6]. But 
the environmental effectiveness of this whole CO2-capture process still remains highly questionable due 
to its potential risks on environment and human health resulted from the selection of these conventional 
alkanolamine absorbents [7]. In addition, the separated operation between CO2 capture and enriched CO2
storage may also increase the risk of CO2 leakage and consequently result in the failure of the target on 
reaching the maximum net balance CO2(captured)-CO2(emitted). So the “once-through” process that combines 
CO2 capture with the profit-making production of commodity chemicals is put forward and considered as 
a sustainable CO2 capture process because it can obtain the best possible repayment to compensate the 
cost of CO2 capture and more importantly, to maximum the net balance CO2(captured)-CO2(emitted) [8,9]. For 
example, using ammonia to capture CO2 and simultaneously produce the NH4HCO3 fertilizer is a typical 
once-through CO2 capture process [10]. 
However, any once-through CO2 capture process selecting the commodity chemicals to act as the 
absorbent to capture CO2 will quickly exhaust the global supply of those chemicals before making a 
meaningful reduction in CO2 emissions [8].  So these new absorbents with the unique characteristics of 
low-cost and abundance in supplying have been focused by researchers to act as the alternatives to the 
conventional chemicals in once-through capture process [11,12]. Surely, these absorbents should contain 
the alkaline substances that can react with CO2 coming from CO2-contained gas streams to directly form 
the useful commodity products [11] or to generate the CO2-rich solutions that can be directly applied into 
the agriculture or horticulture [12]. Besides these studied wastewater [11] and urine [12], more attention 
should be paid to the low-cost anaerobically digested biogas slurry with weak alkalinity which is the 
discharged effluent after the anaerobic biogas digestion of biomass, because it contains relatively high 
concentration of nutrients and organic carbon which can be used beneficially as a liquid fertilizer to 
increase the production of crops and soil amendment [13]. Some researchers indirectly reported that 
biogas slurry can be used to capture CO2 [14], but unfortunately, few researchers have focused on the 
feasibility of application of CO2-rich biogas slurry. 
So in this study, both capacity of CO2 absorption by using biogas slurry and the phytotoxicity of the 
formed CO2-rich biogas slurry on seeds breeding were investigated. Equilibrium CO2 loading was 
selected to assess the CO2 absorption capacity and the seed germination index (GI) was used to evaluate 
the phytotoxicity of CO2-rich biogas slurry. In addition, the effect of some additives added into the biogas 
slurry was experimented as well.  
2. Experimental 
2.1. Materials
In this study, biogas slurry with pH of 8.19 was collected from the discharged effluent provied by the 
anaerobically digestion of the mixture of rich straw and swing manures [15]. Monoethanolamine (MEA), 
potassium glycinate (PG), hydroxide potassium (KOH) and aqueous ammonia (AA) were adopted to act 
as the additives to improve the CO2 absorption performance of biogas slurry. MEA with a mass purity of 
>99%, KOH with a mass purity of >85% and AA with purity of about 25% were used with their purity as 
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received. PG was prepared by neutralizing glycine having the purity of at least 99.5% dissolved in the 
distilled water, with an equimolar amount of KOH. Before each experiment, these additives were firstly 
dissolved into the distilled water to form the desired concentration. 
2.2. CO2 absorption of biogas slurry 
CO2 absorption of biogas slurry with or without adding additives can be found elsewhere [11]. The 
raw biogas slurry without any additive or biogas slurry containing additives of about 500 mL volumes 
was firstly added into a reactor where solution can be stirred by a magnetic rotor, and then absorbed with 
CO2 by bubbling pure CO2 gas with 100 mL/min flowrate (purity >99.99 mol.%) until reaching the 
saturated loading. CO2 saturation of biogas slurry was performed at ambient pressure and different 
temperatures. During the course of CO2 absorption, liquid of ca. 5 mL volumes was sampled to analyze 
its CO2 loading every 5 min. Once the biogas slurry was saturated which can be indicated by the constant 
CO2 loading. CO2 loading of samples can be determined by the standard titration method [16]. 
2.3. Seed germination of biogas slurry 
Possibility of CO2-rich biogas slurry for agricultural or horticultural applications can be determined by 
its phytotoxicity. The phytotoxicity of biogas slurry and CO2-rich biogas slurry was evaluated by using 
the standard seed germination technique in this study [17].  The test procedure of seed germination is 
summarized in Table 1. After 48h of seed germination, the germination index (GI) was determined, which 









  (1) 
where GI is the germination index of Chinese cabbage seeds; 
BMR  and CMR  are the mean seed 
germination rate of biogas slurry or CO2-rich biogas slurry and the control, respectively; BMRL  and 
CMRL  represent the mean root length of biogas slurry or CO2-rich biogas slurry and the control, 
respectively.
Table 1 Seed germination test procedure and conditions 
1. Test type Static (batch) 
2. Pre-treatment Cleaning and drying of culture dishes 
3. Apparatus Biochemical incubator 
4. Temperature 25±1
5. Light None 
6. Test vessel 20 mm (height) × 90 mm (diameter) glass culture dish covered by filter paper 
7. Test volume 5 mL liquid per dish (0.5 mL biogas slurry or CO2-rich biogas slurry + 4.5 mL distilled water)  
8. Number of seeds 20 Chinese cabbage seeds per dish 
9. Replicates 2 
10. Control Distilled water 
11. Test duration 48 hours 
12. End point After the test duration 
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If GI value is higher than 0.8, the phytotoxicity of biogas slurry with or without absorbing CO2 can be 
neglected for seeds or plants breeding, meaning that it can be successfully applied into agricultural or 
horticultural use through irrigation. 
3. Results and discussions 
3.1. CO2 absorption performance and application possibility of raw biogas slurry 
At different absorption temperatures, CO2 absorption performance of raw biogas slurry can be found in 
Fig. 1. Generally, CO2 loading of biogas slurry increases with time no matter what temperature is adopted. 
It can be apparently seen from Fig. 1 that the equilibrium CO2 loading of 0.13 molCO2 per liter raw 
biogas slurry can be obtained when absorption temperature is 45 . But when absorption temperatures 
are adopted to be above or less than this value, the equilibrium CO2 loadings are lower. And as the 
increase of absorption temperature, equilibrium CO2 loading of biogas slurry firstly increases but then 
falls. This interesting trend may be attributed to the reaction mechanism between raw biogas slurry and 
CO2. Although the CO2 absorption mechanism of biogas slurry can not be determined, it still may be 
expected that one of the main reaction mechanism follows the procedure as 
following: +
4 3 4 3NH NH NH HCO  .
At any given temperature, CO2 will be absorbed by some alkaline substance like the small amount of 
free NH3 in biogas slurry, and then temperature of solution will be increased according. An increase of 
solution temperature and exhaust of free NH3 will enhance the rate of NH3 releasing from +4NH N
contained in the biogas slurry [18]. Consequently NH3 released in solution can be used to capture CO2 to 
generate ammonium bicarbonate. Due to the fact that the free NH3 releasing rate from +4NH N and free 
NH3 volatilization rate from biogas slurry are both proportional to the solution temperature, free NH3
concentration in the solution is varied with the change of absorption temperature. So when temperature 
increases from 20  to 45 , NH3 releasing rate is probably overwhelming, then free NH3 concentration 
in the solution increases, consequently leading to the increase of equilibrium CO2 loading value. However, 
when temperature exceeds 45 , free NH3 volatilization may be slightly dominant, and then 
concentration of free NH3 contained in solution reduces, causing the decrease of equilibrium CO2 loading. 
Fig. 1. Breakthrough curve of CO2 absorption for raw biogas 
slurry at different temperatures 
Fig. 2. Effect of absorption temperature on initial absorption 
rate of raw biogas slurry 
Similar trend in variation of CO2 initial absorption rate with absorption temperature can also be found, 
as shown in Fig. 2, which can also be explained using the change of free NH3 concentration in the biogas 
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slurry with temperature. Higher initial absorption rate means shorter time to get the equilibrium CO2
loading, which is directly related to the size of absorber. Therefore, if only the CO2 absorption 
performance is considered, 45  may be recommended. And 35  and 55  may be the second choices. 
Phytotoxicity of biogas slurry with or without absorbing CO2 is assessed by using the germination 
index (GI) of Chinese cabbage seeds, which can be seen in Fig. 3. As shown in Fig. 3, the phytotoxicity 
of raw biogas slurry can be neglected because GI value is higher than 0.8, meaning that raw biogas slurry 
can be used to promote the seeds breeding. However, it is surprising that GI values of CO2-rich biogas 
slurry with the equilibrium CO2 loading show two distinct behaviors as depicted in two regions of 
temperature. In the first region where absorption temperature is below 35 , GI values decrease 
considerably from 1.11 to 0.69 with the increase of absorption temperature from 20  to 35 . But in 
the second temperature region above 35 , GI values of biogas slurry conversely increase again from 
0.69 to 1.01 with the temperature. This result shows that when 35  or 45  is adopted, the 
phytotoxicity of CO2-biogas slurry is too high to be used in promoting the seeds breeding, and conversely 
it will prohibit the seeds breeding. In addition, this result also implies that some nutrients contained in the 
raw biogas slurry are run off, and even destructed, which means that some nutrients contained in the raw 
biogas slurry may also absorb CO2 to form other substances, and the reaction rate may be affected by 
temperature. And the change of constituents in biogas slurry before and after CO2 absorption should be 
determined precisely in future. So, if the utilization of CO2-rich biogas slurry is considered, relatively 
lower (20 ) or higher absorption temperature (55 ) should be recommended. 
When a compromise between higher CO2 absorption performance and lower phytotoxicity of CO2-rich 
biogas slurry has to be taken, 55  may be paid more attention to be selected as the absorption 
temperature in the next research. 
Fig. 3. Germination indexes of biogas slurry with/without 
absorbing CO2 at different absorption temperature 
Fig. 4. Effect of concentration of additives on equilibrium CO2
loadings of biogas slurry at 35 
3.2. Effect of additives on enhancement of CO2 absorption of biogas slurry 
As shown in Fig. 1, though raw biogas is able to absorb CO2 and the CO2-rich biogas slurry generated 
can promote the seeds breeding at some given conditions, equilibrium CO2 loading of raw biogas slurry is 
too low to be considered in the real CO2 capture stations. So CO2 absorption performance of biogas slurry 
should be enhanced without increasing the phytotoxicity of CO2-rich biogas slurry greatly. MEA, PG, 
KOH and AA were adopted to act as the additives to enhance the CO2 absorption performance of biogas 
slurry. Effect of concentration of additives is plotted in Figs. 4, 5 and 6.  
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Fig. 5. Effect of concentration of additives on germination indexes 
of biogas slurry contained with equilibrium CO2 loading at 35 
Fig. 6. Effective concentration ranges of additives assuring 
the availability of CO2-rich biogas slurry on seeds breeding 
Apparently, it can be expected from Fig. 4 that as the concentration of additives rises, CO2
performance of biogas slurry is improved greatly due to CO2 absorption characteristics of additives. 
Especially when PG with 1 mol/L was added, the equilibrium CO2 loading increases by approximately 
520.83% to reach 0.745 molCO2/L compared to the raw biogas slurry. And within the entire 
concentration ranges experimented in this study, improvement of CO2 absorption performance resulted 
from inorganic absorbents (AA, KOH) is inferior to that led by organic absorbents (PG, MEA). In 
addition, as for organic absorbents like PG and MEA, equilibrium CO2 loadings of biogas slurry exceed 
its’ maximum thermodynamic CO2 loading. A case in point is that when 1 mol/L PG was added into the 
raw biogas slurry, the maximum thermodynamic CO2 loading is about 0.62 molCO2/L at 35  consisted 
of 0.12 mol/L for raw biogas slurry and 0.5 mol/L for PG. Higher CO2 loading not only means higher 
CO2 absorption performance, but also the higher concentration of bicarbonate ions generated due to the 
hydrolysis of carbamate ions. However, higher concentration of carbamate and bicarbonate ions may 
generate the higher phytotoxicity to prohibit the seeds breeding, which can be seen in Fig. 5. Fig. 5 
clearly shows that phytotoxicity of CO2-rich biogas slurry reduces due to the increase of GI values at the 
given lower PG or MEA concentration ranges, but increases dramatically attributed to the decrease of GI
values considerably to almost zero when adding concentration of additives exceeds the critical values. 
This surprising result means that lower concentration of carbamate ions in biogas slurry may contribute to 
the seeds breeding (Fig. 7), but higher concentration may prohibit it (Fig. 8), especially for PG containing 
the useful K+ for seeds breeding. So, if organic absorbents have to be adopted to enhance the CO2
performance of biogas slurry due to their faster CO2 absorption rates, adding concentration should be 
limited to assure the lower phytotoxicity of CO2-rich biogas slurry. In this study, concentration range of 
MEA and PG should be limited to 0.05~0.1 mol/L and 0.03~0.05 mol/L, respectively. 
As for inorganic absorbents experimented in this study, despite the relatively lower CO2 absorption 
performance improvement than organic absorbents due to the lower reaction rates, lower phytotoxicity of 
CO2-rich biogas slurry resulting from higher GI values can still be maintained due to the lack of 
carbamate ions and formation of some useful substances like NH4HCO3 and K2CO3 to promote the seeds 
breeding. Especially for a comparison of PG and KOH having the same useful K+ ion concentration at the 
same adding concentration lower than 0.4 mol/L, the phytotoxicity of CO2-rich biogas slurry for KOH 
cases is significantly lower than that with adding PG.  For instance, the maximum GI value is 2.72 when 
KOH was added, however maximum GI value can only reach about 0.84 for PG cases. This phenomenon 
implies that higher concentration of organic absorbents can be adopted to improve the CO2 absorption 
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performance without considering the phytotoxicity of CO2-rich biogas slurry. As shown in Fig. 6, the 
maximum adding concentration of KOH can be increased to 0.5 mol/L compared to MEA or PG. 
Therefore, as for biogas slurry, inorganic absorbents should be paid more attention in future in order to 
obtain the higher CO2 absorption performance and lower phytotoxicity of CO2-rich biogas slurry. 
Fig. 7. Photograph of successful germination of Chinese 
cabbage seeds 
Fig. 8. Photograph of germination prohibited of Chinese 
cabbage seeds 
4. Conclusions
Biogas slurry produced from the anaerobic biogas digestion of organic matters was investigated to act 
as the possible CO2 solvent with low cost used in the “once-through” CO2 capture process which capture 
and store CO2 simultaneously. In the “once-through” CO2 capture process by using biogas slurry, CO2
will be firstly absorbed by biogas slurry and then stored in the plants by using the CO2-rich biogas slurry 
to irrigate the agricultural or horticultural plants. Equilibrium CO2 loading of biogas slurry was selected 
to evaluate the CO2 absorption performance of biogas slurry, and germination index (GI) of Chinese 
cabbage seeds was used to assess the phytotoxicity of CO2-rich biogas slurry which is directly related to 
the possibility of the application of CO2-rich biogas slurry into the agricultural or horticultural use. 
Results showed that one of the possible reaction mechanisms between CO2 and raw biogas slurry follows 
the procedure: +
4 3 4 3NH NH NH HCO  , and the maximum equilibrium CO2 loading is about 0.13 
molCO2/L at 45 . However the lowest phytotoxicity of CO2-rich biogas slurry can not be obtained until 
CO2 absorption temperature increases to 55 , which means that higher concentration of NH4HCO3
formed in the biogas slurry after CO2 absorption may prohibit the germination of cabbage seeds.  
Aiming to improve the CO2 absorption performance of raw biogas slurry, some organic and inorganic 
absorbents were experimented to act as the additives. Results show that CO2 absorption performance 
improves with the concentration of additives and maximum equilibrium CO2 loading can be increased to  
0.745 molCO2/L when 1 mol/L PG was added into biogas slurry at 35 . However, if the phytotoxicity 
of CO2-rich biogas slurry was focused, concentration of additives should be limited to the critical ranges 
within which additives can have a positive effect on seeds breeding. In addition, higher concentration of 
inorganic additives like AA and KOH can be selected compared to organic additives like MEA and PG.  
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